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 Individual 4-MCHM isomers determined by heated purge-and-trap GC/MS.
 Sub microgram-per-liter detection levels achieved.
 cis- and trans-4-MCHM plus another spill compound found in river and tap waters.
 Portion of plume observed in Ohio River 630 km downriver from spill.
 4-MCHM detected in tap water 46 d after spill began.a r t i c l e i n f o
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A heated purge-and-trap gas chromatography/mass spectrometry method was used to determine the cis-
and trans-isomers of (4-methylcyclohexyl)methanol (4-MCHM), the reported major component of the
Crude MCHM/Dowanol™ PPh glycol ether material spilled into the Elk River upriver from Charleston,
West Virginia, on January 9, 2014. The trans-isomer eluted ﬁrst and method detection limits were
0.16-lg L1 trans-, 0.28-lg L1 cis-, and 0.4-lg L1 Total (total response of isomers) 4-MCHM. Estimated
concentrations in the spill source material were 491-g L1 trans- and 277-g L1 cis-4-MCHM, the sum
constituting 84% of the source material assuming its density equaled 4-MCHM. Elk River samples
collected 6 3.2 km downriver from the spill on January 15 had low (62.9 lg L1 Total) 4-MCHM concen-
trations, whereas the isomers were not detected in samples collected 2 d earlier at the same sites. Similar
4-MCHM concentrations (range 4.2–5.5 lg L1 Total) occurred for samples of the Ohio River at Louisville,
Kentucky, on January 17, 630 km downriver from the spill. Total 4-MCHM concentrations in Charleston,
WV, ofﬁce tap water decreased from 129 lg L1 on January 27 to 2.2 lg L1 on February 3, but remained
detectable in tap samples through ﬁnal collection on February 25 indicating some persistence of 4-MCHM
within the water distribution system. One isomer of methyl 4-methylcyclohexanecarboxylate was
detected in all Ohio River and tap water samples, and both isomers were detected in the source material
spilled.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/3.0/).1. Introduction
On January 9, 2014, a chemical spill of Crude MCHM into the Elk
Riverwas reported to have occurred at the Freedom Industries’ facil-
ity 0.3 km upriver from Charleston, West Virginia (WV) (Fig. 1)
(Manuel, 2014; Rosen et al., 2014; Tullo et al., 2014).
Subsequently, Freedom Industries reported (Southern, 2014) that
an estimated 37,800 L of a chemical blend (Crude MCHM/PPh) was
Fig. 1. Location of chemical spill in relation to surface- and ground-water collection sites. See map enlargements in Figs. S1–S3.
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Dowanol™ PPh glycol ether (propylene glycol phenyl ether) (Dow
Chemical Company, 2012), and 4.2% water. Manufacturer Eastman
Chemical Company (2011) reports that Crude MCHM contains
primarily (68–89%) (4-methylcyclohexyl)methanol (4-MCHM
[34885-03-5]; frequently referred to as 4-methylcylcohexane
methanol), which exists as two diastereomers, cis-4-MCHM
[3937-48-2] and trans-4-MCHM [3937-49-3] (Fig. 2) (Buckingham
and Macdonald, 1996). Crude MCHM also reportedly contains
4-(methoxymethyl)cyclohexanemethanol (4–22%); methyl 4-
methylcyclohexanecarboxylate (MMCHC; 5%), dimethyl-1,4-
cyclohexanedicarboxylate (1%); and 1,4-cyclohexanedimethanol
(1–2%) that all exist as cis- and trans-isomers; along with water
(4–10%) and methanol (1%) (Eastman Chemical Company, 2011).
The spill occurred 2.4-km upriver and on the same left
descending (left bank) side of the Elk River as the water intake for
West Virginia American Water’s Kanawha Valley Water Treatment
Plant, the provider of drinking (tap) water to approximately
300,000 Charleston area residents. Intake of river water containing
the spill material resulted in contamination within the distribution
system as reported by the water provider and based on complaints
by served residents of a licorice-like odor characteristic of 4-MCHM
(McGuire et al., 2014a,b; Rosen et al., 2014; Tullo et al., 2014). In
Charleston, the spill plume entered the Kanawha River and contin-
ued to and down the Ohio River, with this study detecting spill com-
ponents as far downriver as Louisville, Kentucky (Fig. 1).
In response to this spill event, the U.S. Geological Survey col-
lected a limited number of water samples on the Elk, Kanawha,and Ohio Rivers, and tap-water samples at several locations in the
Charleston area for determination of 4-MCHM (Fig. 1 and
Supplementary material Table S1 and Figs. S1–3). A heated purge-
and-trap gas chromatography/mass spectrometry (H-P&T GC/MS)
method for 38 volatile organic compounds (VOCs) being developed
by the USGS National Water Quality Laboratory (NWQL) was mini-
mally modiﬁed by addition of monitored ions to include analysis of
the speciﬁc cis- and trans-isomers of 4-MCHM, data for which pre-
viously have not been reported. Herewe describe application of this
H-P&T GC/MS method to collected samples, along with associated
method performance information and nuclear magnetic resonance
spectroscopy (NMR) results deﬁning the isomer composition of the
4-MCHM analytical standard and the spill material. Our results are
compared with 4-MCHM data for samples of river and tap water
determined by several other methods and studies in response to
this spill event. Other compounds possibly present in the ﬁeld
samples, including other Crude MCHM/PPh components, were not
speciﬁcally targeted, although identiﬁcation of another crude com-
ponent in some samples is reported.
2. Methods
2.1. Chemicals and materials
A reference standard of 4-MCHM (cis- and trans- mixture; prod-
uct M1412, lot RCGNA) was obtained from TCI America (Portland,
OR); the exact isomeric composition was unknown (Tranbarger,
2014). A sample of the Crude MCHM/PPh spill material was
Fig. 2. Total ion current chromatogram section from heated P&T GC/MS of 96.5 lg L1 of TCI America (cis + trans) 4-MCHM analytical standard in reagent water showing
retention times of trans-4-MCHM (structure shown) and cis-4-MCHM.
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of Environmental Protection. An uncertiﬁed standard of methyl 4-
methylcyclohexanecarboxylate (MMCHC; cis- and trans- mixture;
product PH001309; Sigma–Aldrich, St. Louis, MO) was generously
provided by M.J. Baedecker (USGS) on July 18, 2014. Surrogate
compounds, isobutyl alcohol-d6 and toluene-d8, and internal stan-
dard compound ﬂuorobenzene, were obtained from CDN Isotopes
(Pointe-Claire, Quebec, Canada) or Sigma-Aldrich, Corp.2.2. Water sample collection
Sample types, locations, collection and analysis dates, preserva-
tion measures, ancillary ﬁeld water quality data, and other infor-
mation are given in Table S1 and sample locations are shown in
Fig. 1 (and Figs. S1–3). Replicate, depth-integrated surface water
samples were collected using USGS protocols for VOCs (U.S.
Geological Survey, 2006) beginning January 13, 2014, 4 d after
the reported spill occurrence. Samples were collected from the
Elk River 6-km upriver from the spill location at Big Chimney,
WV (January 13, 15; February 25), and at the Spring Street (January
15; February 25) andWashington Street (January 13, 15) Bridges in
Charleston, 2.6 and 3.4 km, respectively, downriver from the spill.
One sample also was collected on January 13 from the Kanawha
River at Winﬁeld, WV, 45 km downriver from the spill. Samples
were collected 630 km downriver from the spill on January 17
from the Ohio River at Louisville at 3 sites focused along an
7.9-km reach between two Louisville Water Company drinking-
water intakes. Discrete, vertically-integrated samples were col-
lected at 3 equidistant cross-sectional points at each Ohio River
site (Figs. 1 and S3).
Replicate drinking (tap) water samples were collected on 6
dates beginning January 22 through February 25 in the laboratory
of the USGS Water Science Center (WSC) in Charleston, and at 3
residences near the endpoints of the WV American Water Com-
pany distribution system near Winﬁeld and Culloden, WV on Jan-
uary 29 and Elkview, WV on February 3. All taps where run at
high ﬂow for a minimum of 15 min prior to sample collection using
a low ﬂow single stream of water to ﬁll the VOC vial. Except for the
January 22 sample, all ﬁlled vials also contained 25-mg ascorbic
acid (Sigma-Aldrich) to remove free chlorine from the water
(Wilde et al., 2004 with updates through 2009).
Two drops of 1:1 concentrated hydrochloric acid (HCl; Fisher
Scientiﬁc, Santa Clara, CA) in reagent water were added to all sam-
ples as a preservative, except the January 13 samples because the
HCl solution was not available at that time. All VOC sample vials
were shipped to and stored at the NWQL chilled (4 C). At least
one replicate of each sample was analyzed by H-P&T GC/MS within
14 d of collection, a hold time established as adequate for other
VOCs (Connor et al., 1998; Love et al., 1999), including thosedetermined by some U.S. Environmental Protection Agency
(USEPA) VOC methods (U.S. Environmental Protection Agency,
2014).
2.3. Heated purge and trap GC/MS
Samples (25 mL) were fortiﬁedwith surrogate and internal stan-
dard compounds and purged at 60 C. Purged compounds were
trapped on Tenax sorbent and then thermally desorbed into and
separated on a 60-mRtx-VGC (Restek Corp. Bellefonte, PA) column
in amodel 6890 GCwith 5973MS (Agilent, Santa Clara, CA). The iso-
mers of 4-MCHM were analyzed by electron-impact ionization MS
using simultaneous selected-ion monitoring (SIM) and full-scan
modes for compound identiﬁcation and quantiﬁcation (SIM).
Operating conditions, including ions monitored, are given in
Table S2. Calibrations curves (9-points) were prepared using
standards ranging from 0.48 to 96 lg L1 of total 4-MCHM in
reagent water acidiﬁed to pH 2 with HCl as with the ﬁeld
samples. Two levels of total 4-MCHM (4.8 and 48 lg L1) were
used to verify continuing calibration. Additional quantiﬁcation
and method performance details are given in the Results and
Discussion.
2.4. NMR
Both 1H (600 MHz) and 13C (150 MHz) measurements were
conducted using an Agilent-Varian Inova 600 NMR at WV Univer-
sity to determine the relative isomeric composition of 4-MCHM in
deuterated chloroform dilutions of the TCI America standard or
Crude MCHM/PPh spill material.3. Results and discussion
3.1. Identiﬁcation and quantiﬁcation of 4-MCHM isomers
Two distinct GC peaks at 23.5 and 24.1 min were obtained
for the 4-MCHM analytical standard (Fig. 2). Isomer assignment
for each peak initially was unknown, as published isomer-speciﬁc
retention information was not found, and the MS spectra for both
peaks were minimally different and no clear distinction could be
made relative to 4-MCHM isomer’s reference spectra in the
National Institute of Standards and Technology (NIST) mass spec-
tral library (v.02.1) as shown in Figs. S4 and S5. One quantiﬁcation
method applied calculated a ‘‘Total’’ 4-MCHM concentration by
summing the peak areas of both isomers to determine a total iso-
mers’ response factor for each calibration standard and a total iso-
mers’ response in a sample (the ‘‘Total’’ method of quantiﬁcation).
Total 4-MCHM is reported to allow for comparison (as done here)
with values for ‘‘4-MCHM’’ reported by others using various
220 W.T. Foreman et al. / Chemosphere 131 (2015) 217–224analytical methods applied by other agencies/laboratories to spill-
event water samples. The presumption is that 4-MCHM data
reported by others were determined using a comparable Total
method of quantiﬁcation because other laboratories may not have
had isomeric speciﬁc composition information for the reference
standard that they used for quantiﬁcation, that being either 4-
MCHM or possibly crude MCHM.
Subsequently, proton NMR measurements revealed a relative
isomeric composition of 100% cis- to 48% trans-isomer for the TCI
America 4-MCHM standard (Figs. S6–7), or a trans-isomer fraction
[TF = trans/(trans + cis)] of 0.32; note: use of fractions versus ratios
is preferred (Ulrich et al., 2003). Isomer assignment was based on
1H and 13C NMR spectra for enriched trans-4-MCHM (chemical
#19) given in the supplemental information of Iwasaki et al.
(2014) The NMR results allowed us to deﬁnitively assign the
trans-4-MCHM isomer as eluting ﬁrst on the GC (Fig. 2), and to pre-
pare isomer-speciﬁc calibration curves for independent quantiﬁca-
tion of the isomers in samples.
The isomer peak areas obtained by H-P&T GC/MS for the 96.5-
lg L1 calibration standard in water of the TCI America 4-MCHM
analytical standard shown in Fig. 2 give a trans-isomer fraction,
calculated using the isomers’ m/z 55 quantitation ion peak areas
(TFq), of 0.41. This TFq is not reﬂective of the isomer distribution
determined by NMR (TF = 0.32) or observed by direct injection into
the GC/MS of a dilution of the analytical standard in methanol
(TFq = 0.28; Fig. S8) likely because of the greater purge efﬁciency
of the presumably more volatile trans-isomer, along with possible
differences in MS response of the isomers when considered relative
to NMR response.
Concentrations in lg L1 determined by H-P&T GC/MS-SIM for
the individual 4-MCHM isomers are reported for each sample in
Table S1, along with the Total 4-MCHM concentration determined
using the Total method of quantiﬁcation. The calculated (Calc)
sums of the isomers’ concentrations in ﬁeld samples also are
reported and are all 10–20% lower than the Total 4-MCHM concen-
trations (‘‘Total/Calc ratio’’ in Table S1). This simply reﬂects the dif-
ference in the two quantiﬁcation approaches. The trans-isomer
fraction calculated using the isomer concentrations, TFc, is reported
when both were detected.
3.2. QC/QA and H-P&T GC/MS method performance results
Field blanks associated with the surface- or tap-water samples
had no detectable 4-MCHM (Table S1). Sample analysis sets
(n = 5) included bracketing laboratory reagent-water blank sam-
ples that had no 4-MCHM detections. Set laboratory reagent-water
spike samples exhibited a 71–100% overall 4-MCHM recovery
range (means 85–88%; Table S3). Determined concentrations
(n = 7) obtained from 3 analysis sets for the lowest-level calibra-
tion and interspersed reporting-level veriﬁcation standards, all
prepared at the same concentration, were used to estimate method
detection limits (MDLs) of 0.16-lg L1 trans-, 0.28-lg L1 cis-, and
0.4-lg L1 Total 4-MCHM using the USEPA MDL procedure (U.S.
Environmental Protection Agency, 2013). The reporting level was
set at 2 times the MDL; sample concentrations below the reporting
level were reported (Childress et al., 1999).
Method performance also was tested in replicates (n = 7–10)
of acid-preserved reagent and Boulder Creek, Colorado, water
fortiﬁed at 4.8 and 48 lg L1 with total 4-MCHM. Mean recover-
ies ranged from 86% to 100% with RSDs 612% (Table S4). Most
(93%) surrogate recoveries in ﬁeld samples (Table S1) fell within
the 92–103% and 87–106% overall recovery ranges for isobutyl
alcohol-d6 and toluene-d8, respectively, observed in associated
set QC samples (Table S3) and the validation matrices
(Table S4), and all were well within interim limits for the
method.3.3. 4-MCHM in river water samples
The 4-MCHM isomers were not detected in water samples col-
lected on January 13, 4 d after the reported spill occurrence, at
sampling sites above and below the spill location on the Elk River,
and at a site further downstream on the Kanawha River (Fig. 1).
Both 4-MCHM isomers were detected at low concentrations in sev-
eral samples collected at the same locations on the Elk River below
the spill on January 15. One noted difference for these sample dates
is that the HCl solution used as a preservative for speciﬁc com-
pounds in some USGS VOC methods (Connor et al., 1998) was
not added to the January 13 samples. Whether sample preservation
is required for 4-MCHM is uncertain as its stability in unpreserved
versus acid-preserved river-water samples with time is unknown.
Both the January 13 and 15 samples were analyzed within the
same instrumental batch, with analysis occurring 14 d after sample
collection for the January 13 samples (Table S1) and upon receipt
of the 4-MCHM analytical standard. Laboratory matrix spike sam-
ples (11-lg L1 total 4-MCHM) were prepared using 3 unpreserved
(January 13) and acid preserved (January 15) WV surface-water
replicate samples and analyzed within 12 h of fortiﬁcation. Recov-
eries ranged from 77% to 122% (Table S5) and no differences were
apparent between the unpreserved and preserved samples for this
short hold period. Comprehensive examination of 4-MCHM stabil-
ity in preserved versus unpreserved samples stored multiple days
was not tested. All surface-water samples collected after January
13 included the acid preservation solution per USGS protocol for
most VOC samples (U.S. Geological Survey, 2006). Both aerobic
and anaerobic degradation of 4-MCHM in river water has been
observed (Weidhaas, 2014).
No 4-MCHMwas detected in any Elk River at Big Chimney sam-
ples upstream of the chemical spill. Both 4-MCHM isomers were
detected in samples collected on January 15 from the Elk River at
Spring St. Bridge Site A (2.9 lg L1 Total 4-MCHM), a bridge sam-
pling location on the right descending (right bank) side of the river,
with detections conﬁrmed by replicate sample reanalysis 46 d later
(Table S1); and 1-km further downstream on the Elk River at the
Washington Street Bridge (1.3 lg L1 Total 4-MCHM). These con-
centrations are 1000-times lower than the range (780–
3,350 lg L1) of 4-MCHM reported for samples collected on January
10 at the intake for the Kanawha Valley Water Treatment Plant on
the Elk River (McGuire et al., 2014a; Tullo et al., 2014;West Virginia
Division of Homeland Security and Emergency Management,
2014a); only one (0.3 lg L1) of >40 samples collected at the intake
on January 15 and analyzed by other laboratories had a reported
concentration (West Virginia Division of Homeland Security and
Emergency Management, 2014a). By comparison, the range of 4-
MCHM concentrations at the intake reported for January 10 are
themselves 1000-times lower than the predicted 2-5 mg L1
water solubility at 25 C (U.S. Environmental Protection Agency,
2012), although Elk River water temperatures were about 5 C
(Table S1).
Interestingly, no 4-MCHMwas detected (conﬁrmed by replicate
rerun 46 d later) for the January 15 Elk River at Spring St. Bridge
Site B sample, a bridge position on the left descending side of the
river. Both the drinking water intake for WV American Water
and the Freedom Industries facility where the spill occurred are
located on the left bank, approximately 0.2 and 2.2 km, respec-
tively, upstream of the Spring St. Bridge. No 4-MCHMwas detected
on the Elk River at Spring St. Bridge on February 25.
All 9 Ohio River at Louisville depth-integrated samples collected
on January 17 have very similar isomer concentrations, suggesting
that the portion of the 4-MCHM plume sampled was well mixed
throughout the river by the time it reached these locations. TheTotal
4-MCHMconcentrations in these samples (range4.2–5.5 lg L1) are
slightly greater than the Elk River concentrations downstreamof the
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Commission (2014) (ORSANCO) reported that the spill plume was
ﬁrst detected at Louisville (Ohio River kilometer point 965.6, or
633.8 km downstream from spill) on January 17, with detections
of 4-MCHMP1 lg L1, a threshold applied byORSANCO for plotting
‘‘plume’’ duration, ﬁrst occurring for the sample collected at 11:05
AM. Concentrations reported by ORSANCO for 7 additional samples
collected over the next 10 h exceeded this threshold (‘‘plume’’ con-
centration range of 1.2–3.5 lg L1; maximum for sample at 5:38
PM). Our samples from Louisville were collected within this
‘‘plume’’ period (Table S1).
The 4.8-lg L1 mean concentration for our samples, along with
an average 770-m river width and 10.7-m depth, gives an esti-
mated 310 kg of Total MCHM in the 7.9-km stretch of the Ohio
River sampled (river kilometer points 956.1–964.0). This amount
represents 1% of the estimated 27,300-kg of MCHM only that
was spilled, assuming it constituted 89% of Crude MCHM portion
of the total Crude MCHM/PPh reportedly spilled (Rosen et al.,
2014; Southern, 2014), or 33,700-kg Total MCHM estimated from
H-P&T GC/MS analysis of the spill material (see Section 3.5).
A shoulder peak co-eluting with cis-4-MCHM was observed in
all Ohio River at Louisville samples but no other river samples. It
also was observed in all tap water samples having a detectable
cis-isomer (see Fig. 3). Beginning with the February 3 and subse-
quent WSC tap water samples, a co-eluting shoulder peak also
was observed with the trans-isomer (Fig. 4). For these samples,
the reported isomer, Calc, and Total concentrations are estimated
(E letter preceding the concentration) (Table S1). Mass spectra of
the partially co-eluting compounds contained the same (plus sev-
eral additional) ions to those monitored by SIM for cis- and trans-4-
MCHM. The shoulder peak co-eluting with cis-4-MCHM (Fig. 3)
exhibited a partial spectral match with methyl 4-methylcyclohex-Fig. 3. Example ion proﬁle plots showing cis-4-MCHM gas chromatographic peak in the
ions as cis-4-MCHM, plus other ions from full scan analysis indicative of an isomer of m
material (Fig. S9). USGS WV Water Science Center tap water sample collected January 2
Fig. 4. Example ion proﬁle plots showing unknown compounds co-eluting with trans- an
cis-4-MCHM was insufﬁcient to conﬁrm qualitative identiﬁcation in the presence of the
reporting of a raised reporting-level value for the cis-isomer. USGS WV Water Science Canecarboxylate (MMCHC) in the NIST library (Fig. S9; not isomer
speciﬁc). This is one of the components of Crude MCHM
(Eastman Chemical Company, 2011) that we subsequently veriﬁed
as present in the spill material (see Section 3.5). Quantitation of cis-
or trans-MMCHC as the co-eluting compound in ﬁeld samples was
impossible without analytical standards, which were not identiﬁed
as immediately commercially available when the samples were
originally analyzed. Spectral signals were insufﬁcient to obtain sat-
isfactory NIST library matches for the compound co-eluting with
the trans-4-MCHM isomer present in some tap water samples
(Fig. 4).
The stability of 4-MCHM in HCl preserved ﬁeld samples was
examined by comparing concentrations in Ohio River at Louisville
Site 3 vertical replicate samples analyzed 11, 25, and 49 d after col-
lection (Table S6). Concentrations generally agreed well (maxi-
mum RSD of 13% for cis-4-MCHM) and no time trends were
obvious, indicating excellent stability in preserved samples. The
MMCHC isomer partially co-eluting with cis-4-MCHM was in all
analyzed replicate samples, and showed no substantial change in
response (or apparent concentration) with storage time.
Total 4-MCHM in the Ohio River samples determined using our
H-P&TGC/MSmethod are nearly an order ofmagnitude greater than
those reported for Total 4-MCHM in 0.6-m depth grab water sam-
ples also collected by the USGS from the same sites at the same
times but analyzed by the USEPA Environmental Response Team
(range 0.37–0.66 lg L1; some values estimated) (Smith, 2014).
These concentration differences might result from use of: (a)
depth-integrated versus near-surface collectionprocedures, (b) acid
preserved versus unpreserved (for USEPA) samples, and/or (c) dif-
ferent analytical methods. The samples for USEPA were analyzed
using modiﬁed USEPA/SW-846 Methods 3500C/3510C/8000C/
8270D, a dichloromethane liquid-liquid extraction GC/MS-SIMpresence of co-eluting (shoulder peak) compound having the same monitored SIM
ethyl 4-methylcychexanecarboxylate (MMCHC), another component in the spilled
7, 2014.
d cis-4-MCHM isomers. Response of the gas chromatographic peak suspected to be
co-eluting compound (a suspected MMCHC isomer). This condition resulted in the
enter tap water collected February 7, 2014.
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that had 4-MCHM recoveries of 63–65% (Singhvi, 2014).
3.4. 4-MCHM in tap water samples
Tap water samples from the USGS WV Water Science Center on
January 22 (no ascorbic acid) and January 27 have estimated Total
4-MCHM concentrations of 78 and 129 lg L1, respectively, that
are 1–2 orders of magnitude higher than any of the river water
samples (Tables 1 and S1). Although concentrations in the WSC
tap water dropped dramatically by February 3, one or both 4-
MCHM isomers were detected in all WSC tap samples collected
through February 25, indicating some persistence of MCHMwithin
the water distribution system. One or both 4-MCHM isomers were
detected in the 3 residential samples collected on January 29 or
February 3, with Total 4-MCHM 63.2 lg L1. No 4-MCHM was
detected in the Stevens Point in Alum Creek, WV, tap water sample
from the adjacent Lincoln County Public Service district that has a
different (Coal) river as its source.
Except for the January 27 sample, Total 4-MCHM concentra-
tions in samples collected by the USGS and determined by theTable 1
Concentrations of (4-methylcyclohexyl)methanol [4-MCHM] in tap-water samples from th
January 21-March 1, 2014, and reported at the Water Crisis website by the State of West
2014b).a
USGS sample
location (Table SI.1)
Sample date
(month/day/2014)
USGS samples
Sample time
(HHMM)
trans-4-
MCHM
(lg L1)
cis-4-
MCHM
(lg L1)
1/21
WSC 1/22 1605e 41.6 E25.8
1/23
1/24
1/25
1/26
WSC 1/27 1020 62.8 E54.8
1/28
Culloden 1/29 1855 1.69 E1.06
Winﬁeld 1/29 1655 1.16 E0.91
1/30
1/31
2/1
2/2
WSC 2/3 1245 1.08 E0.83
Elkview 2/3 1945 E0.92 <0.75*
2/4
2/5
2/6
WSC 2/7 1245 E0.87 <0.60*
2/8
2/9
WSC 2/10 0815 E0.96 <0.67*
2/11
2/12
2/13–24
WSC 2/25 0930 E0.72 <0.56
2/26–27
2/28
3/1
a Abbreviations used in table: <, less than; concentration is less than this value. E,
Table S1). *, interference resulting in a raised reporting level (see text). M, a 4-MCHM is
reporting level due to interference (see text). NC, not calculated because ‘‘less than’’ val
b Concentrations reported from up to two laboratories. McGuire et al. (2014a) and Ro
changing over the duration of the analyses. Method reporting level of 10 lg L1 applied
2 lg L1 after that date for Lab 1 only. Samples include ﬁre hydrants. Does not include sam
reported ND in all WV American Water ‘‘ﬁnished’’ water samples for Table 1 dates. All ‘
(19 lg L1).
c Calc 4-MCHM is cis-isomer + trans-isomer concentrations.
d Total 4-MCHM determined by Total (summation of isomer peak areas) method of q
e Ascorbic acid not added for this USGS sample only.
f Maximum from Lab 2; Lab 1 reported ‘‘ND’’ for sample replicate.H-P&T GC/MS method are less than the maximum 4-MCHM con-
centration reported for the same date for other tap water sample
locations in the Charleston area as reported at the Water Crisis
website by the State of WV (West Virginia Division of Homeland
Security and Emergency Management, 2014b) and in McGuire
et al. (2014a) (Table 1).
Total 4-MCHM concentrations in tap water samples collected in
February 2014 in our study are similar to those from a 10-home
study of 4-MCHM and PPh in residential tap water samples col-
lected February 17–18 by the West Virginia Testing Assessment
Project (WV TAP) (Rosen et al., 2014; West Virginia Division of
Homeland Security and EmergencyManagement, 2014c). All homes
in theWV TAP study had samples with one or more detections of 4-
MCHM at62.4 lg L1, except House 8 which was somewhat higher
(66.1 lg L1). The laboratory reporting the 4-MCHM detections in
the WV TAP study used EPA method 8270 (semivolatiles by GC/
MS) and the Total method of 4-MCHM quantiﬁcation, and had
detection levels and analyte spike-sample recovery performance
comparable to our H-P&T GC/MS method (Eaton, 2014; Rosen
et al., 2014). The second laboratory participating in the study was
unable to determine MCHM because of interferences in the watere Charleston, WV area collected by USGS compared to tap-related samples collected
Virginia (West Virginia Division of Homeland Security and Emergency Management,
Data at WV State websiteb
Calc 4-
MCHMc
(lg L1)
Total 4-
MCHMd
(lg L1)
Number of reported
detectionsnnumber of
locations sampled
Maximum 4-
MCHM (lg L1)
11n21 183
E67.4 E77.8 23n32 117
11n29 47
8n24 66
1n21 43
8n21 268f
E118 E129 1n4 22
1n14 12
E2.76 E3.2 1n4 26
E2.07 E2.4
NS
1n1 31
1n1 28
NS
E1.91 E2.2 1n2 11
NC M < 1.9
4n5 43
1n1 17
NS
NC M < 1.7 NS
1n4 14
0n1
NC M < 1.9 NS
0n7
0n2
NS
NC E1.0 5n6 8
NS
1n6 3
0n1
estimated concentration because of partially co-eluting interference (see text and
omer was detected, but a raised ‘‘<’’ value reported because cis-isomer had a raised
ue reported for one or both isomers. NS, no samples collected for this date.
sen et al. (2014) note that detection and reporting levels for both laboratories were
by both laboratories for samples reported not detected (ND) through February 20;
ple results from area schools separately reported at Water Crisis website. 4-MCHM
‘Raw’’ (intake) samples ND except one on January 23 (14 lg L1) and on January 26
uantiﬁcation (see text).
Fig. 5. Total ion current chromatogram section from heated P&T GC/MS of 200-lg L1 Crude MCHM/PPh spill material in reagent water showing the trans- and cis-4-MCHM
isomers, and the unassigned isomers of methyl 4-methylcyclohexanecarboxylate, another component of Crude MCHM (Eastman Chemical Company, 2011).
W.T. Foreman et al. / Chemosphere 131 (2015) 217–224 223samples (West Virginia Division of Homeland Security and
Emergency Management, 2014c). No PPh was detected in WV TAP
samples by either laboratory; our study did not analyze for PPh.
Rosen et al. (2014) report that no breakdown products of 4-MCHM
were detected in theWV TAP samples. They also observed no loss of
4-MCHMupon exposure to concentrations of free chlorine routinely
used by the Kanawha Valley Water Treatment Plant; exposure
results for the other oxidant, potassium permanganate, were
inconclusive.
3.5. 4-MCHM in crude MCHM/PPh spill material
Proton NMR analysis of the source Crude MCHM/PPh spill mate-
rial revealed a relative composition of 100% trans to 54% cis
(TF = 0.65) that is nearly exactly opposite of the TCI America ana-
lytical standard (Figs. S10–11). Direct injection of a methanol dilu-
tion of the spill material into the GC/MS showed that the two 4-
MCHM isomers dominated the chromatogram and had a TFq of
0.63 (Fig. S12). McGuire et al. (2014b) report the same composi-
tional difference for the spill material compared to the 4-MCHM
analytical standard based on GC/MS analyses, with their isomer
assignments based on our study.
Serial dilutions were made of the spill material resulting in a 1/
1.89  108 dilution into reagent water that was analyzed by H-P&T
GC/MS. The determined 4-MCHM isomer concentrations at this
level of dilution (Table S7) were similar to those in the Ohio River
at Louisville samples (Table S1). The TFc was 0.64, just above the
TFc range 0.51–0.63 observed in the ﬁeld samples, many for which
were generally similar (Table S1), and similar to the 0.65 TF deter-
mined by NMR.
At this level of spill material dilution, the apparent same smaller
shoulder peak was present with the cis-4-MCHM as was observed
for some river and all tap samples (Fig. 3). Analysis of the Crude
MCHM/PPh at 40-times greater concentration (200 lg L1)
resulted in a response for this shoulder peak (24.1 min) that sub-
stantially exceeded the cis-4-MCHM peak response (Fig. 5).
Another peak at 24.5 min also became dramatically evident.
Spectra for both peaks (Figs. S13–14) had some common ions.
Comparison of the two peaks with the NIST library provided tenta-
tive matches with methyl 4-methylcyclohexanecarboxylate (non-
isomeric), a reported 5% component of Crude MCHM (Eastman
Chemical Company, 2011). We subsequently conﬁrmed presence
of the MMCHC isomers in the spill material by comparison with
an authentic standard (Figs. S15–17). A large increase in response
during H-P&T GC/MS analysis for the MMCHC isomers relative to
the 4-MCHM isomers with increasing spill material concentration
is not surprising given that the predicted Henry’s Law Constant
(apparent volatility from water) at 25 C is 60 times greater for
this carboxylate compared to 4-MCHM (U.S. Environmental
Protection Agency, 2012). While handling the standards materials,both the 4-MCHM standard and the Crude MCHM/PPh spill mate-
rial were noted as having a licorice-like odor as reported elsewhere
(McGuire et al., 2014a; Rosen et al., 2014; Tullo et al., 2014),
whereas by comparison, the MMCHC standard had a stronger but
not licorice-like odor.
Estimated 4-MCHM concentrations in the Crude MCHM/PPh
spill material are 491 g L1 trans-, 277 g L1 cis-, 767 g L1 Calc
(cis + trans), and 892 g L1 Total. These concentrations, coupled
with the 37,800 L of Crude MCHM/PPh reportedly spilled, provide
an estimate of 29,000-kg Calc or 33,700-kg Total 4-MCHM. Assum-
ing the density of the spill material is close to that of pure 4-MCHM
(0.9156 g mL1; given in TCI America certiﬁcate of analysis), the
percentage of Calc 4-MCHM in the spill material is 84%, or 97%
Total 4-MCHM. If the density of the spill material is 1 g L1, then
the percentages are 77% Calc or 89% Total MCHM (Table S7). The
reported percentage range of 4-MCHM in Crude MCHM only is
68–89% (Eastman Chemical Company, 2011).
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